, "Dose-efficient ultrahighresolution scan mode using a photon counting detector computed tomography system," J. Med. Imag. 3(4), 043504 (2016), doi: 10.1117/1.JMI.3.4.043504. Abstract. An ultrahigh-resolution (UHR) data collection mode was enabled on a whole-body, research photon counting detector (PCD) computed tomography system. In this mode, 64 rows of 0.45 mm × 0.45 mm detector pixels were used, which corresponded to a pixel size of 0.25 mm × 0.25 mm at the isocenter. Spatial resolution and image noise were quantitatively assessed for the UHR PCD scan mode, as well as for a commercially available UHR scan mode that uses an energy-integrating detector (EID) and a set of comb filters to decrease the effective detector size. Images of an anthropomorphic lung phantom, cadaveric swine lung, swine heart specimen, and cadaveric human temporal bone were qualitatively assessed. Nearly equivalent spatial resolution was demonstrated by the modulation transfer function measurements: 15.3 and 20.3 lp∕cm spatial frequencies were achieved at 10% and 2% modulation, respectively, for the PCD system and 14.2 and 18.6 lp∕cm for the EID system. Noise was 29% lower in the PCD UHR images compared to the EID UHR images, representing a potential dose savings of 50% for equivalent image noise. PCD UHR images from the anthropomorphic phantom and cadaveric specimens showed clear delineation of small structures.
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Introduction
Computed tomography (CT) has been widely used in the diagnosis of various diseases and in almost all body parts. Some clinical applications, such as lung, vascular, and temporal bone imaging, require excellent spatial resolution to delineate fine anatomical structure and pathology. There are many factors affecting the spatial resolution of CT images, such as the focal spot size, detector pixel size, geometric magnification, and image reconstruction kernel. 1, 2 Among these factors, detector pixel size plays a critical role in both in-plane and acrossplane spatial resolution. For the majority of commercially available CT scanners, effective detector pixel size ranges from 0.5 to 0.625 mm at the isocenter. Such a detector pixel size is sufficient for most clinical applications, such as routine head and body CT exams. However, certain applications, such as lung and temporal bone imaging, can benefit from further spatial resolution improvements. [3] [4] [5] [6] One approach for improving spatial resolution is to use comb or grid attenuators in front of the detectors to reduce the effective detector aperture. 3, 7, 8 This approach, however, comes with a reduction of dose efficiency as the comb or grid attenuates photons that have already passed through the patient and would otherwise have contributed to the image formation. Another approach that has been investigated on a prototype system is to use a flat-panel detector to provide spatial resolution as fine as 150 μm. 9, 10 However, this system has challenges such as inferior contrast-to-noise ratio (CNR) and longer scanning time compared to standard multidetector CT. 9, 10 Recently, photon counting detector (PCD) technology has attracted attention in x-ray and CT imaging. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] PCDs measure individual photons and their associated energy rather than the integrated charge generated by all measured photons, as occurs with an energy-integrating detector (EID). Benefits of PCD compared to EID include reduced or fully eliminated electronic noise, improved CNR, and improved dose efficiency. [11] [12] [13] [14] [18] [19] [20] [21] [22] [23] More importantly, the energy discrimination nature of the PCD enables a single-detector, single-source, and single-tubepotential multienergy imaging technique. 18, [24] [25] [26] [27] [28] [29] [30] Since PCDs use a direct conversion technique rather than the indirect conversion technique in EIDs, the requirement of septa between detector pixels can be avoided. Therefore, PCDs do not suffer from a septa or grid-induced reduced fill factor as detector cell size is decreased. 31 This may allow smaller detector pixels to be used on PCDs to provide better spatial resolution than EIDs.
The purpose of this study was to evaluate a new ultrahighresolution (UHR) imaging technique available on a research PCD-based CT system having smaller detector pixels relative to current EID technology. This was accomplished by quantitatively and qualitatively assessing image quality and by demonstrating the mode's clinical potential using phantoms and cadaveric specimens.
Methods and Materials

PCD-Based CT Scanner and Ultrahigh-Resolution Mode
A whole-body research PCD CT scanner has been installed in our lab. 20, 25, 32, 33 The research scanner was built based on the second-generation dual-source CT scanner (Definition Flash, Siemens Healthcare, Forchheim, Germany), with the EID subsystem the same as the A system [with 50 cm field of view (FOV)] of the commercial dual-source scanner. The EID detector of the commercial B subsystem (with 33 cm FOV) was replaced with a PCD that covered a 27.5 cm FOV [ Fig. 1(a) ]. The two subsystems operate independently, providing a platform to investigate both PCD and EID subsystems on the same scanner. The native detector pixel size is 0.225 mm × 0.225 mm for the PCD subsystem. However, the PCD subsystem is usually operated using macropixels (0.9 mm × 0.9 mm) by grouping together 4 × 4 native detector pixels [ Fig. 1(b) ]. The PCD subsystem is capable of acquiring energy selective data with 2 or 4 energy thresholds, consequently yielding 2 or 4 energy bins. Detailed descriptions of the system can be found elsewhere. 20, 25, 32, 33 Previous studies using the system demonstrated that the PCD subsystem was capable of providing clinical image quality at clinically realistic levels of x-ray photon flux commensurate with commercial EID systems, and providing improved CNR relative to a state-of-the-art CT scanner using EIDs. 23, 34 Recently, a UHR mode was implemented on the PCD subsystem of the research scanner to take advantage of the smaller native detector pixel size, and consequently, to improve spatial resolution to accommodate clinical applications in lung, vascular, musculoskeletal, and temporal bone CT imaging. In this mode, instead of grouping 4 × 4 detector pixels together to form a 0.9 mm × 0.9 mm macropixel, the pixel grouping was reduced to 2 × 2, reducing the macropixel size by half [ Fig. 1(b) ]. This mode used 64 detector rows, each containing 960 pixels of size 0.45 mm × 0.45 mm, which corresponds to 0.25 mm × 0.25 mm at the isocenter. In comparison, the EID system has a detector size of 1.1 mm (fan direction) by 1.1 mm (z-direction), which corresponds to 0.6 mm × 0.6 mm at the isocenter. Due to the increased data rate with this mode (4 times of that in macro mode), only one energy threshold was available for each 2 × 2 pixel using the early implementation. The energy threshold could be set to any value between 25 and 50 keV. In this study, the threshold was set at 25 keV for all data acquisitions. Therefore, all photons with energy 25 keV or higher were used in the image reconstruction. The same x-ray tubes were used on the EID and PCD subsystems, each equipped with a UHR focal spot of nominal size 0.7 mm (Straton, Siemens Healthcare 35 ). Two scan protocols were available for the PCD UHR mode: (1) a head protocol using a carbon bowtie filter and (2) an abdominal protocol using both the carbon bowtie filter and an aluminum bowtie filter, 34 both with a 1 s rotation time. No comb filters were used for the PCD UHR mode, thus ensuring optimal dose efficiency.
Image Quality Assessment
Various phantoms and tissue specimens were scanned to assess the image quality of the PCD UHR mode. The use of tissue specimens in this study was approved by our Institutional Biospecimen Committee.
To evaluate system performance and to demonstrate the PCD UHR mode's clinical impact, we performed a series of experiments using physical phantoms and cadaveric specimens. Spatial resolution and image noise were quantitatively assessed, and image quality of anthropomorphic phantoms and cadaveric specimens was qualitatively assessed. All images were reconstructed using a weighted filtered backprojection algorithm. 36 
Spatial resolution assessment with a wire phantom
Spatial resolution was assessed in terms of modulation transfer function (MTF). A 50-μm diameter tungsten wire phantom was placed in a 20 cm water tank, with the wire parallel to the long axis of the patient table and approximately 10 mm below the scanner's isocenter (Fig. 2) . The phantom was scanned using both head and body protocols, with 120 kV and 250 mAs for the head protocol and 120 kV and 200 mAs for the body protocol. Images were reconstructed with a 50 mm FOV (smallest available on the scanner), 0.25-mm slice thickness, 0.25-mm increment, and a very sharp kernel (S80, available only in the service mode of operation or on an off-line reconstruction workstation). A two-dimensional point spread function (2-D PSF) was generated based on the CT numbers of the wire images after background subtraction. A one-dimensional line profile was generated by radial averaging the 2-D PSF, from which the MTF curve was calculated by Fourier transform.
For comparison, the MTF was also measured on a clinical dual-source scanner (Definition Flash, Siemens Healthcare) using that system's EID UHR mode. The reconstruction kernel used to create PCD UHR images was S80. A specially designed kernel (modified S90) was used to create the EID UHR images. This modified S90 kernel on the EID system was designed to match the spatial resolution of S80 on the PCD subsystem. The matching was tested and verified by MTF measurements acquired using the same wire phantom and setup (Fig. 2 ).
Image quality of anthropomorphic phantoms and cadaveric specimens
An anthropomorphic lung phantom (LUNGMAN, Kyoto Kagaku, Japan), with incorporated synthetic lung nodules of different sizes and shapes [ Fig. 3(a) ], was scanned to evaluate the impact of higher resolution on lung imaging. For comparison, the phantom was also scanned on a clinical dual-source scanner (Definition Flash, Siemens Healthcare) using that system's EID UHR mode, with matched CTDI vol . The matched reconstruction kernels used for MTF measurements were used to create PCD UHR images (S80) and EID UHR images (modified S90). In . These were swine lungs salvaged from a meat plant and specially preserved by the BioFlex process (eNasco). Internal anatomic structures including arteries, veins, bronchioles, alveoli, and bronchi were well preserved. The lungs were placed in the thoracic cavity of the anthropomorphic lung phantom and were inflated using a pump before the scan. Pressure was maintained at the same level during data acquisition to keep the lungs at the same insufflation level. The lungcontaining phantom was scanned at 120 kV and 140 mAs using a body protocol, similar to a routine chest CT exam. Images were reconstructed with very sharp kernel (S80), a 0.25-mm slice thickness, and 0.25-mm increment. Images were reviewed by a thoracic radiologist (15 years of experience), with a focus on assessing image quality and potential clinical impact.
A swine heart [ Fig. 3 (c)] was placed inside a solid-water annulus of 20 cm diameter and scanned with the PCD subsystem. The heart vessels were filled with lead-based Microfil ® (Flow Tech Inc., Carver, Massachusetts) before the scan. The heart was scanned with parameters and a radiation dose matched to clinical cardiac CT scans (120 kV, 200 mA, and 1 s rotation time), with the exception of the longer rotation time, which would typically be less than 0.5 s. PCD UHR images were reconstructed with 0.25-mm slice thickness, 0.25-mm increment, and a very sharp kernel (S80). Images were reviewed by a cardiovascular physician, with special attention paid to examining the intramural coronal arteries. A cadaveric temporal bone specimen [ Fig. 3(d) ] was placed inside a 20 cm diameter solid-water annulus and scanned using the PCD UHR mode. For comparison, the specimen was also scanned on the clinical dual-source scanner (Definition Flash, Siemens Healthcare) using its EID UHR mode and a matched CTDI vol . The scan and reconstruction parameters of the two scans are listed in Table 1 . The reconstruction FOV used was the same for both the EID and PCD systems, namely 70 mm. For the standard 512 image matrix used in this work, this corresponded to a pixel size of 0.137 mm. Images were subjectively compared by a neuro radiologist (over 20 years of experience), with special focus given to the delineation of fine structures in the temporal bone. Image noise in a uniform region of interest (ROI) was measured and compared between the two systems. Because the slice thickness was 0.6 mm for the EID system and 0.5 mm for the PCD subsystem, noise in the PCD UHR image was first normalized to that of the 0.6 mm image to make a fair comparison. This was achieved based on the relationship that image noise is inversely proportional to the square root of slice thickness, i.e., E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 7 5 2 σ 0.6 mmPCD ¼ σ 0.5 mmPCD Ã ffiffiffiffiffiffi ffi 0.5 0.6 r :
(1)
After this normalization, the difference in noise between the PCD UHR and EID UHR images, at matched radiation dose, was calculated E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 6 8 3
Noise Difference ¼ ðσ 0.6 mm EID − σ 0.6 mmPCD Þ σ 0.6 mmEID × 100%:
The reduced noise of the PCD UHR mode could also be used to achieve a radiation dose reduction compared to EID UHR if the same image noise was targeted. Since all reconstructions were performed with the same linear algorithm, the amount of dose reduction can be calculated based on the relationship between radiation dose and image noise, i.e., E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 6 4
To verify the dose reduction estimated in Eq. (3), an anthropomorphic head phantom was scanned on both the EID and PCD systems; the scanning techniques were the same as those used in the cadaveric temporal bone specimen study ( Table 1 ), except that the radiation dose used in PCD was reduced by 50%. The dose reduction was achieved by reducing the effective mAs accordingly (50%). Image noise was then measured and compared between EID and PCD.
Results
Figure 4(a) shows the MTF curves for the head and body PCD UHR scan modes. The MTF curves are identical and demonstrate a spatial resolution of 15.3 and 20.3 lp∕cm at 10% and 2% modulation levels, respectively. Figure 4 (b) shows the MTF curves of S80 kernel on the PCD subsystem and the modified S90 kernel on the EID system; similar resolution is observed between the two kernels. Figure 5 shows images of the anthropomorphic lung phantom scanned using the UHR mode of the PCD subsystem (a-c) and UHR mode of the EID system (d-f). The axial and volume rendered images of the left lung shows clearly the lung vessels The modified kernel was provided by the manufacturer to best match the S80 kernel on the PCD system. delineation of submillimeter lung vessels using the PCD UHR mode compared to the EID UHR mode. Figure 6 shows axial and maximum intensity projection (MIP) images of the right lung of the anthropomorphic phantom, which show well-defined boundaries of the lower-contrast starshaped lung nodule (arrow, Fig. 6 ). Both images show welldefined boundaries of individual structures, which may help with not only qualitative detection tasks, but also quantitative measurements, such as shape and volume, in lung imaging. Figure 7 shows sample images of the swine lung. Different from the anthropomorphic lung phantom, which essentially has vessels and air, the swine lung images have low attenuating (but not air) parenchyma, which better represents human anatomy. In addition, interlobular septa (arrow) and centrilobular groundglass opacities (arrow head) surrounding small airways are clearly visible in the lung specimen images, especially within the dependent portions. Figures 9 and 10 show sample images of the temporal bone specimen. In both figures, PCD and EID images are shown side by side for comparison. In Fig. 9 , the malleus head and incus body are clearly visualized as an "ice cream cone" structure (arrow) on both EID and PCD images (Fig. 9) . In Fig. 10 , the PCD UHR image [ Fig. 10(b) ] shows clear delineation of the stapes superstructure (arrow) as a "wishbone" shape. This, however, is not as conspicuous on images from the commercial CT scanner with EID detectors operated in the UHR mode [ Fig. 10(a) ]. Measurements show image noise of 46.3 hounsfield Fig. 9 Images of the temporal bone specimen scanned with (a) EID UHR and (b) PCD UHR modes. The malleus head and incus body are clearly visualized as an "ice cream cone" structure (arrow) on both images, but the PCD image demonstrates modest improvement in delineating the incudomallear joint (arrows). Improved sharpness and lower noise can be appreciated in the PCD image (arrow heads). Fig. 10 Images of the temporal bone specimen scanned with (a) EID UHR and (b) PCD UHR. Stapes superstructure was clearly delineated as a "wishbone" structure (arrow) on the PCD image, but was much less conspicuous on the EID image. Measurements of image noise were 59.6 HU for the EID image and 46.3 HU for the PCD image. unit (HU) for the PCD image at 0.5-mm slice thickness and 59.6 HU for the EID image at 0.6-mm slice thickness. The normalized noise of PCD image at 0.6-mm slice thickness, using Eq. (1), is 42.3 HU. This was a 29% reduction in noise for the PCD UHR compared to the EID UHR when data were acquired with matched radiation doses. Using Eq. (3), this could allow for a 50% reduction in dose using PCD compared to EID, if the image noise levels were matched. Figure 11 shows sample images of the anthropomorphic head phantom scanned on the EID [ Fig. 11(a) ] at full dose and PCD [ Fig. 11(b) ] at 50% dose. Measurements show image noise of 45.6 HU for the EID image at 0.6-mm slice thickness and 47.1 HU for the PCD image at 0.5-mm slice thickness. The normalized noise of the PCD image at 0.6-mm slice thickness, using Eq. (1), was 43.0 HU. This verifies that 50% dose reduction is possible using the PCD system compared to EID system while maintaining similar image noise (45.6 HU for EID and 43.0 HU for PCD).
Discussions and Conclusions
In this work, we evaluated a new UHR mode on a research PCD CT system using a detector pixel size of 0.25 mm × 0.25 mm at the isocenter. Qualitative and quantitative assessment of image quality in phantoms and specimens demonstrated that the PCD UHR mode had similar spatial resolution compared to the commercial EID UHR scan mode, but had the potential for a 50% reduction in dose for the same image noise. The ultrahigh spatial resolution was demonstrated in the lung and temporal bone, and the potential clinical impact demonstrated in an explanted swine heart. Results of our study showed that when scanning at the same radiation dose, the PCD UHR mode had lower image noise than that of the commercial EID UHR mode using an attenuating postpatient comb filter. The comb filter blocks half of the detector aperture along the fan-angle direction, which effectively reduces the detector size by half along the fan-angle and enables improved spatial resolution. However, the filter also blocks 50% of the photons that have already passed through the patient that would otherwise have contributed to image formation. This results in reduced dose efficiency and consequently higher noise (for the same dose) for exams using the comb filters. 3, 8 The PCD UHR mode investigated in this study does not have this issue, as no comb filters are used and all photons reaching the detector are used in image formation without losing dose efficiency. Our results demonstrated a 50% improvement in dose efficiency using the PCD UHR mode with matched image noise to that of EID, which would substantially reduce the necessary radiation dose for exams requiring these levels of spatial resolution.
Another factor that affects contrast, noise, and CNR is that the detected signal is energy-weighted with EID systems while the detected signal is photon-count-weighted with PCD systems. In the study by Gutjahr et al., 23 it was found that for the same radiation dose, the noise difference between EID and PCD was minimal. However, iodine contrast and CNR were substantially higher using the PCD system due to the signal weighting difference. Therefore, dose reduction based on matched noise is a relatively conservative estimation. Many clinically important materials, such as bone or iodine, would have higher contrast using a PCD system than using an EID system due to the signal weighting difference. Greater dose reduction would be possible if matched CNR was used as the criteria rather than matched noise. However, the specific amount of dose reduction would depend on the specific material. For simplicity, we only estimated dose reduction for the scenario of matched noise in this study.
It should be noted that the basic relationship between resolution and image noise still holds, i.e., increased spatial resolution comes with increased image noise for the same radiation dose, or increased radiation dose is required for the same image noise. 2, 37 Spatial resolution and image noise need to be balanced based on the clinical task. For certain clinical applications, such as temporal bone, vascular, musculoskeletal, and lung imaging, delineation of very fine structures, such as small vessels and stress fractures, is needed. For these scenarios, the need for high spatial resolution justifies the increased image noise or even increased radiation dose (to reduce noise) in very sharp CT images. In addition, these exams are associated with high contrast (e.g., bone to air), which can tolerate high noise. To improve the spatial resolution, a comb filter has been applied in front of the standard EID array and this has been adopted in routine clinical practice. We showed in this study that using PCD, similarly high spatial resolution was achieved with reduced image noise (29%) or using reduced radiation dose (50%). Very sharp CT images may not be appropriate for exams aiming to detect low contrast lesions, e.g., liver or pancreatic exams, in which image noise plays the most significant role for accurate lesion detection. In such exams, images with standard resolution should be used (however, those images still could be obtained using a high-resolution scan mode as long as comb filters are not used). We are continuing to investigate potential applications of the high-resolution mode in different clinical areas, with ongoing in vivo studies, which will be reported in the future. Noise reduction techniques, including iterative reconstruction algorithms, have been extensively investigated recently. Applying these techniques to the UHR mode could potentially reduce image noise and increase image quality.
As noted in Sec. 2, the native pixel size of the PCD is 0.225 × 0.225 mm, and the regular "macro" mode reads out detector data by binning 4 × 4 native detector pixels. The UHR mode investigated in this study was implemented by binning 2 × 2 native pixels, which provides an effective detector size of 0.25 × 0.25 mm at the isocenter. This represents a factor of 2 reduction of detector size (in one dimension), compared to the standard macro mode. For this detector, it is possible to further reduce the effective detector size by another factor of 2, e.g., 0.125 × 0.125 mm at the isocenter, by using the native detector pixels without any binning. However, challenges exist for such a mode, such as the need for high data transfer rates and the tradeoff of increased image noise (or dose) for smaller pixels. Compared to standard macro mode, the UHR mode has 4 times more data when using 2 × 2 binning instead of 4 × 4 binning. Another 4 times more data would be generated if the native detector pixel was used without binning. This increased amount of data imposes a challenge to data transfer systems. Besides directly increasing the data transfer rate, other strategies may be pursued to address this challenge. One option is to use even longer rotation times, when there is no substantial motion of the imaged object, such as in musculoskeletal applications. Another option would be to reduce detector coverage, either in-plane or along the longitudinal direction. This option comes with drawbacks, e.g., potential data truncation or reduced scanning speed. A third option would be to use data compression techniques to compress projection data and to reduce the amount of data that need to be transferred. A recent study showed a factor of 2-3 compression rate was achievable. Another major challenge is that smaller detector pixels come with increased image noise for the same radiation dose, or else increased radiation dose is required for the same image noise, as discussed in the previous paragraph. There are limitations of this study. First of all, this study focused only on phantom and cadaveric specimens, without in vivo patient data. Although the phantom and cadaveric data showed clear benefits of the PCD UHR scan mode, in vivo patient studies are warranted to demonstrate the ultimate benefit of this mode in clinical practice. For the experiment with the heart specimen, lead-based Microfil ® instead of regular iodine contrast was used to opacify the vessels. This was intended to fill and opacify microvascular and other spaces of the heart specimen under physiological pressure and with minimal shrinkage so that the specimen could be kept for a long time and used in multiple studies. Patient studies using regular iodine-based contrast are needed to fully evaluate the benefit of this scan mode in vascular imaging. Second, this study focused only on achieving high spatial resolution, without energy specific information. The early implementation of the UHR PCD mode only allowed one energy threshold. This was done to limit the amount of data generated to avoid data transfer issues, as the amount of data generated is proportional to the number of energy thresholds used. Benefits of combining the UHR scan mode with energy specific information is the focus of ongoing work.
In conclusion, we assessed a UHR scan mode on a PCDbased CT scanner, which achieved spatial resolution up to 20 lp∕cm. This high level of spatial resolution was achieved without the use of a dedicated comb or grid attenuator, making the acquisition more dose efficient (50% dose reduction compared to the UHR mode with comb attenuator). Studies using anthropomorphic phantoms and cadaveric specimens demonstrated the potential impact of this imaging mode in lung, temporal bone, and vascular imaging. Other clinical applications that rely on high spatial resolution, such as musculoskeletal imaging, are likely to also benefit from this increased resolution capability. Erik Ritman is a physiologist who used CT to explore patho-physiological processes in vivo. In the seventies and eighties, he developed and used high-speed volume scanning CT and in the nineties and two thousands on micro-CT. Currently, he is involved in evaluation of a whole-body spectral CT scanner. 
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